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1. INTRODUCTION
The current interest in underwater sensor networks stems from
the potential to use long term sensing devices to monitor the large
mass of oceans on the planet (e.g., underwater seismic event mon-
itoring or underwater oil rig monitoring). To accomplish this, the
sensor nodes must have the ability to self-conﬁgure the communi-
cation network and provide energy-efﬁcient data transmission. To
this end, researchers have begun devising MAC-layer protocols that
minimize energy consumption for data transmission.
Acoustic modems typically present a number of modes of op-
eration, similar to radio interfaces (e.g., transmit, receive, sleep,
etc.), each of which consumes different levels of energy. In ra-
dio communications, the cost of keeping the interfaces idle is high;
therefore, a number of idle-time power management solutions have
been devised (e.g., STEM [7], TITAN [8], GAF [11]) to conserve
energy during times of no communication. It is natural to attempt
to use these same methods for energy conservation in underwa-
ter sensor networks. However, there are signiﬁcant differences be-
tween acoustic modems and radios transceivers, making it doubtful
whether previous conclusions will be valid for the underwater en-
vironment.
The relative costs of various interface modes are signiﬁcantly
different for acoustic devices than for radios. Typical radio inter-
faces [1] have similar costs for transmitting, receiving and idling.
On the other hand, acoustic modems have very high transmission
costs with respect to receive costs, and have very low idle costs.
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This implies that certain trade-offs worthwhile for radios may be
too costly for acoustic modems. Furthermore, capabilities inherent
in acoustic modems (e.g., the possibility of an ultra-low power re-
ceive state) may cause solutions that were too expensive for radio
to be justiﬁable in an underwater network.
The main contribution of this work is a preliminary evaluation of
idle-time power management techniques for underwater sensor net-
works. Through an analysis of the energy consumption of various
modes for acoustic modems, we show that for sensors that transmit
data with a period on the order of minutes to a few hours, idle-time
power management techniques that increase the needed transmis-
sion time may perform poorly. As an alternative, we investigate the
use of a wakeup mode. Wakeup modes for radios are not a new
idea, but they have not yet been widely adopted due to the fact that
their implementation requires new hardware and this technology
may not be mature enough. However, in this paper we argue for the
use of wakeup modes in acoustic modems. To this end, we present
an evaluation of four protocols via simulation, demonstrating that
the use of an ultra-low power wakeup mode consistently results in
the greatest energy savings.
The rest of this paper is organized as follows. Section 2 presents
the characteristics of acoustic modems and presents their impact on
idle-time protocols. Section 3 presents our evaluation of these pro-
tocols over different network trafﬁc patterns for acoustic modems.
Finally, Section 4 presents some conclusions and future directions.
2. ACOUSTIC MODEMS
Today’s acoustic modem technology includes commerciallyavail-
able modems (e.g., the Teledyne-Benthos modem [10]), as well as
those developed for research purposes, such as the Woods Hole
Oceanographic Institution’s (WHOI) modem. We shall use this
modem as an example to summarize acoustic transmission param-
eters relevant for the present study. A detailed description of the
WHOI modem can be found in [2].
The WHOI acoustic modem has two basic modes of operation:
low rate and high rate. Low rate transmission/detection is accom-
plished using FSK modulation and noncoherent detection, with a
bit rate of 80 bits per second (bps). High rate transmission is ac-
complished using PSK modulation and coherent detection, with a
variable bit rate between 2,500 and 5,000 bps.
The modem includes the main processor and the co-processor,
which perform the signal processing functions needed at the phys-
ical layer and the MAC layer in the current implementation. The
modem is coupled to the transducer, where electrical signals are
converted into acoustical ones and vice-versa.
The main processor is used to generate the signals for transmis-
sion, and to receive the low rate signals. Detection of high rate
signals requires adaptive equalization and multichannel combining,
105which are computationally intensive operations. These functions
are implemented in the co-processor, which is engaged only when
the modem is receiving high-rate signals.
The modem can be in one of the following states, each of which
is characterized by different power consumption: Transmit: to
transmit, the modem consumes between 10 and 50 watts, depend-
ing on the distance. For example, at 50 W, an acoustic signal power
of 185 dB re µPa can be generated, which is sufﬁcient for trans-
mission over several kilometers in shallow water [2]. Listen: when
in the listening state, the modem consumes 80 mW. In this state,
the modem is waiting for a packet. A packet arrival is detected
by receiving a packet preamble. The packet preamble also con-
tains the information on the type of signal that is following, such
as type of modulation, packet length, etc. Receive, low rate: to
receive a data packet modulated using FSK (low rate) the modem
consumes 80 mW. The processor performs noncoherent detection
in this case, which requires no more power than needed for active
listening. Receive, high rate: to receive a data packet modulated
using PSK (high rate), the modem consumes 3W. The co-processor
must be engaged to perform coherent signal detection in this case,
which requires more power than needed for noncoherent detection.
Sleep: the modem is turned off in this state and is not capable of
detecting signals.
Card Transmit Receive Idle Sleep
Cisco Aironet [1] 2240 1350 1350 75
Micro Modem [2] 10,000 3,000 80 ≈ 0
Table 1: Power consumption (mW) for interface modes
It can easily be seen that the energy proﬁles of acoustic modems
are quite different from those of typical radio transceivers. For
the acoustic devices, the transmit power is an order of magnitude
larger than that of receive mode. Furthermore, the idle mode is very
cheap. Compare this to the typical energy consumption of a radio,
where the transmit and receive powers are of the same magnitude,
and the idle costs are very expensive (see Table 1).
An additional possibility is to use an ultra-low power wakeup
state. Althoughsomemodems mayhavemultiplelow-power modes
(e.g., Teledyne-Benthos [10]), usingsuchmodes as awakeup mech-
anism (inwhicha node inalow-power statecontinuously listens for
a wakeup signal) is not currently done. However, it would be possi-
ble to do so should the overallpower savings indicate thebeneﬁts of
such an approach. As an example, Heidemann et al. [3] have begun
providing such a mode in a new modem, which is capable of de-
tecting a signal by monitoring the acoustic energy in the channel.
These modes have not yet been used for the purpose of idle-time
power management as we propose here however, nor have the ben-
eﬁts of doing so been quantiﬁed for acoustic modems. The circuit
in [3] uses a dual gate FET conﬁgured as a cascade ampliﬁer, with
a passive ﬁlter and detector, and consumes 500µW. When in this
state, the modem would wait for a wakeup signal. Upon receiving
the signal, themodem would transition into listening stateand from
there into active reception.
Switching from one state to another happens almost instanta-
neously, except for several hundred milliseconds that are needed
to power up the co-processor. No extra power is required to switch
from one state to another.
The large difference in the power needed to transmit an acous-
tic signal and that needed to receive and process it, motivates the
search for a suitable MAC protocol for use in an underwater sen-
sor network. Two of the main performance metrics for MAC pro-
tocol evaluation are throughput efﬁciency and energy efﬁciency.
While the throughput efﬁciency remains fundamentally limited by
the long propagation delay of acoustic signals [5, 9], signiﬁcant
savings inenergyconsumption can beobtained through minimizing
the amount of time the modem spends in transmit mode. Minimiz-
ing the energy consumption is especially important in underwater
networks of ﬁxed nodes, which are battery-powered and intended
for long-term deployment.
Although the applications of underwater sensor networks arestill
evolving, one can envision at least two types of applications: event-
driven and periodic sensing. The two types of applications imply
different trafﬁc patterns. In this work, we focus on a network of
sensors whose task is to constantly sense their environment and re-
port their ﬁndings toanend node. The rateat which the information
is generated (i.e., the number of packets per second per node and
the node density) determines the level of network activity that must
be supported. In this work, we analyze and compare four different
protocols for varying trafﬁc generation rates.
2.1 Sleep Cycling
It has been suggested [3] that underwater sensor networks should
have supernodes every few tens of nodes to help minimize the time
for data collection, depending on the application. Networks of mo-
bile unmanned vehicles will likely be even more sparse, due to the
high cost of building and deploying them. This poses an immediate
difference with radio networks. Each node in an underwater sen-
sor network is likely to be vital to the connectivity of the network.
Therefore, any method that attempted to keep a backbone awake at
all timeswould likelyhave all of the nodes awake 100% of the time.
Furthermore, any sort of randomized wakeup sequences would also
perform poorly due to this expected low node density.
On the other hand, methods that build paths on-demand also are
not ideal. First, most of these schemes increase the delay until a
node can receive data. The effects of this sort of delay increase
are magniﬁed in an event driven network, where timely delivery
of packets could be critical. Second, many of these schemes re-
quire a sender to transmit a wakeup beacon in such a way that it
is guaranteed to be received, often by repeated transmission. But
for acoustic modems, transmission is much more expensive than
any other mode, causing such beaconing to potentially outweigh
the savings gained by being in sleep mode.
Essentially, any on-demand scheme must have a way to wake up
a sleeping node. Most of these schemes use some type of low duty
cycle wakeup for nodes to listen for incoming transmissions [7, 8].
Senders are required to transmit a beacon, or request to transmit, in
such a way that the intended receiver is guaranteed to hear it.
Consider a sleep cycle where Trx is the time that a receiver is
listening. Then it is clear that only if the beacon falls within Trx
will the node be successfully awakened. For a given interval T,
Tsleep = T − Trx. Let the beacon be of length B and the inter-
beacon time be Bl (the receiver must respond in this time). Schurg-
ers et al. [7], show that theaverage timea sender willspend sending
beacons (Tb) is as follows: Tb =
T+(B+Bl)
2 . This demonstrates
a basic trade-off between the amount of time spent sleeping and
the amount of time spent sending beacons. For acoustic modems,
where the transmit energy consumption is so large, these beaconing
periods can consume a large amount of energy.
Consider the case where Trx = 225ms and B + Bl = 150ms.
For the node to sleep for 75% of the idle time, the average time
it will be sending beacons is nearly 300 ms [7]. These numbers
are reasonable for radio networks but would be larger for acoustic
modems due to the increased latencies, having the effect of further
increasing the energy consumption. Even at the lowest transmit
power of 10 W, this 300 ms transmission for the sender and a 75
106ms transmission for the receiver translates to 3,750 mJ consumed to
wake up the node. This is nearly one minute of standard idle time;
therefore, if the generated trafﬁc is about a packet a minute or more,
there is no beneﬁt in adopting a sleep cycle of this kind. Now, con-
sider the possibility of having the ultra-low power wakeup mode
consuming only 500µW. The energy spent beaconing then trans-
lates to over 2 hours of wakeup mode time, making the wakeup pro-
tocol even more advantageous, except for verylow trafﬁcscenarios.
In our numerical results, we will use a CSMA-based MAC proto-
col. A detailed comparison among different MAC schemes (includ-
ing scheduled TDMA-based MAC) is left for future research, as in
this paper we focus on evaluating the potential for energy savings
via sleep modes or wakeup modes rather than on the optimization
of the MAC protocol used by the nodes when they are awake.
2.2 Acoustic Wakeup
The ability of acoustic modems to implement an ultra-low power
wakeup state yields another option. In the case of radio, the extra
hardware and difﬁculties in implementation may outweigh the ben-
eﬁts; however, for certain trafﬁc patterns, we expect such a mode
would yield signiﬁcant savings over sleep cycling methods. Essen-
tially, the amount of energy saved by transitioning into a low power
sleep mode must outweigh any energy expended to wake up in-
tended receivers for asynchronous sleep cycling solutions to be ef-
ﬁcient. Because transmit power is so high for acoustic modems and
idle energy is so low, this sleep time must be signiﬁcantly longer
than for radio sensor networks.
Additionally, implementing wakeup modes in acoustic modems
is considerably easier. First,noextra transducer is needed, reducing
the cost of implementation. Recall from early in this section that
a 500µW wakeup mode can be realized using very simple decod-
ing [3]. In principle, it is possible to design a signal that requires
only very simple processing. This type of signal is likely to rely
on a set of tones, or a chirp, that are amenable to low-complexity
processing.
In the next section we compare the effects of network trafﬁc pat-
terns on the energy efﬁciency of various sleep mechanisms. The re-
sults demonstrate that it is worthwhile to implement wakeup modes
in acoustic modems given the signiﬁcant energy savings achievable
over traditional sleep cycling solutions.
3. ENERGY ANALYSIS
The goal of the following evaluations is to determine when a
wakeup state is preferable to a sleep cycling solution for under-
water sensor networks. To this end we compare four protocols:
Standard Idle simply stays in idle state and never transitions to
a sleep or wakeup mode. Optimal Sleep transitions immediately
into a sleep mode and only wakes up during active transmission
and reception. STEM [7] uses a sleep schedule, as described in
Section 2.1 for receivers to transition in and out of sleep mode. If
a wakeup signal is received, the receiver sends a ”ready to receive”
message to the transmitter and transitions into the active listening
state. Wakeup Mode transitions into an ultra-low power wakeup
mode after transmission and reception.
There are a number of ways to evaluate the impact of protocols
on energy consumption in a sensor network. One method is to eval-
uate the total energy consumption in the network for various trafﬁc
patterns. Another method is to evaluate the time to ﬁrst node death
(or more generally the time until a given percentage of nodes die),
which corresponds to evaluating the maximum energy consump-
tion across nodes. The time to network partition is a metric that
is closely related to the latter, insofar as the ﬁrst node deaths often
correspond to network partition in sparse networks. We choose to
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Figure 1: Total energy consumption of the network vs. trafﬁc
generation interval.
look at both total energy consumption and time to ﬁrst node death
in this study, with time to network partition being left for a future
expanded study.
3.1 Simulation Setup
Weused the ns2simulator [6]torun our experiments. Toaccount
for energy consumption, ns2 is augmented with an energy model
of the four protocols in various states using the values in Section 2
with a 10 W transmit power. The network covers an 1000 mb y
1000 m area, in which 25 nodes are deployed randomly. We further
modiﬁed the ns2 physical layer and propagation model to approxi-
mate the properties of the WHOI acoustic modem. A CSMA MAC
layer is used and routing is done via directed diffusion [4]. For our
evaluations, we use the average of 20 runs for each set of parame-
ters tested. The resulting 95% conﬁdence intervals are within ±2%
of the values shown.
3.2 Evaluation
In this section, we evaluate the performance, in terms of energy
consumption, of the four protocols discussed above in two differ-
ent situations: under different trafﬁc generation rates with a ﬁxed
wakeup mode cost of 500µ W, and as the cost of the wakeup mode
increases.
Asthe intervalbetweenevents inthenetwork increases, the amount
of possible sleep time increases. Therefore, idle-time power man-
agement solutions should save larger amounts of energy for longer
trafﬁc generation intervals. Figure 1 shows the energy consumption
of the entire network for each of the four protocols as the interval
between sensing events ranges from one second to one minute per
node. Each value is normalized to the energy consumption of the
entire network for the standard idle protocol. As can be seen, the
wakeup mode protocol performs almost optimally. This is because
the wakeup mode consumes almost no energy and does not require
any additional transmission. STEM, however, due to the probabil-
ity that a wakeup signal will be transmitted for some portion of the
sleep interval, saves signiﬁcantly less energy. Similar curves for
times up to 4 hour intervals were roughly the same (e.g., for a four
hour interval, STEM: 0.76, Wakeup: 0.55, Optimal: 0.54), with
STEM always consuming more energy due to increased transmis-
sion times. It is worth pointing out that this represents a worst-case
for idle management solutions since in such a sparse network, vir-
tually all nodes are needed for forwarding trafﬁc.
The primary reason why STEM performs so poorly is that the
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Figure 2: Highest energy consumption of a node vs. trafﬁc gen-
eration interval.
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Figure 3: Total energy consumption of the network vs. wakeup
mode cost.
transmit mode energy consumption of the acoustic modem is so
high (in this case 10 W) that sending the wakeup beacon is very
costly. Therefore, nodes thatsend themost trafﬁchave muchgreater
costs than the rest of the nodes. The greatest amount of energy con-
sumed by a node is depicted in Figure 2. Increasing a single node’s
energy consumption is another deﬁnite drawback of any sleep cy-
cling solution that increases the transmission time needed to send
data. As can be seen in this ﬁgure, certain nodes have their en-
ergy expenditure increased dramatically over the average network
energy consumption. This will lead to rapid node failure. If the
underwater sensor networks are sparse, then this will rapidly result
in network segmentation. Using a wakeup mode again keeps the
energy consumption very close to optimal.
The main reason why the wakeup mode protocol performs so
near optimal for these situations is the extremely low power used.
A fair question to explore is: How low does this power have to
be? To answer this we again look at the same scenario, but this
time ﬁx the sensor event frequency at once per minute per node
and vary the power of the wakeup mode between 1 mW and 80
mW (the cost of idle mode). Figure 3 depicts the total energy con-
sumption of the network. For this trafﬁc rate, the wakeup mode
protocol outperforms STEM for powers lower than about 50 mW.
Recall the 500µ W ﬁgure used early, even if this number were to
be increased by a factor of 10, there would still be very signiﬁcant
gains. As the time between sensor events increases, the cross-over
value decreases; however, for events happening more often than
every few hours, the wakeup mode still has the potential to out-
perform STEM. Furthermore, to accurately implement a solution
like STEM, information about trafﬁc generation rates is used to op-
timize the sleep cycle. This information may not be available in
highly dynamic environments. The use of a wakeup mode avoids
the need for such information, making the proposed solution more
ﬂexible and robust.
4. CONCLUSIONS
This paper has examined how the differences between acous-
tic modems and radios affect the design of idle-time power man-
agement schemes. Because idle-time power management schemes
that use asynchronous sleep cycling trade off increased transmis-
sion time for increased sleep time, their performance when faced
with the extremely high transmit power costs in acoustic modems
may be very poor.
A possibility to implement an ultra-low power wakeup mode in
acoustic modems would offer an alternative to idle-time sleep cy-
cling. We show through analysis andsimulation thatfor underwater
sensor networks where the expected trafﬁc generation is less than
one packet per node per few hours, the wakeup mode will save en-
ergy over sleep cycling both in terms of total network energy con-
sumed and in terms of the greatest energy consumption of a single
node.
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